Abstract: The development of up-converting phosphor reporter particles has added a powerful tool to modern detection technologies. Carefully constructed phosphor reporters have core-shell structures with surface functional groups suitable for standard bio-conjugations. These reporters are chemically stable, possess the unique property of infrared up-conversion, and are readily detected. In contrast to conventional fluorescent reporters, up-converting phosphor particles do not bleach and allow permanent excitation with simultaneous signal integration. A large anti-Stokes shift (up to 500 nm) separates discrete emission peaks from the infrared excitation source. Along with the unmatched contrast in biological specimens due to the absence of autofluorescence upon infrared excitation, up-converting phosphor technology (UPT) has unique properties for highlysensitive particle-based assays. The production and characteristics of UPT reporter particles as well as their application in various bioassays is reviewed.
Introduction
The development of sophisticated particle-based bioassays with reporter molecules engineered for specific applications has had a tremendous impact on the diagnostic and pharmaceutical industries. Fluorescent microspheres have replaced traditional white latex beads in most qualitative agglutination detection applications [1] and novel, sensitive reporters have emerged from nanotechnology research and development [2] [3] [4] [5] [6] [7] [8] [9] . Particle-based bioassays now offer: (i) a high sensitivity; (ii) a quantitative measurement; and (iii) multiplexed detection.
Up-converting phosphor technology (UPT), utilising rare earth doped ceramic particles as reporters, represents a new generation of highly sensitive particle-based bioassays [8] [9] [10] [11] [12] [13] [14] . Several features separate UPT from other fluorescent techniques. First, infrared (IR) up-conversion is a unique process, which does not occur in nature. Unlike conventional fluorescent reporters, up-converting phosphors transfer low energy IR radiation to high-energy visible light by multi-photon absorption and subsequent emission of dopant-dependant phosphorescence. The inherent autofluorescence associated with most fluorescence-based methods is completely absent in up-converting phosphor assays. Second, up-converting phosphors generate large anti-Stokes shifts of up to 500 nm that result in well-separated emission and excitation bands. Figure 1 shows the two-photon and three-photon up-conversions of Yb 3+ -Er 3+ and Yb 3+ -Tm 3+ doped yttrium oxysulfide phosphors. These two materials have the same excitation spectrum and produce photon up-converting emissions at B550 and 475 nm, respectively. Third, the different colours of up-converting phosphor reporters can be excited simultaneously with the same IR source (980 nm). Conventional band-pass filters can be used between detection channels, because the emission spectra are well separated with bandwidths of 25-50 nm which ensures that the measured light emission is free of spectral contamination. Multiplexing can be conveniently achieved using UPT reporters with different emitting colours.
Over the past few years UPT has demonstrated great potential in human diagnostic applications. The overall cost of a diagnostic test is critical in today's managed care market and drives the search for rapid, automated assays with a high sensitivity, specificity, reproducibility, and low equipment demand [15, 16] . Besides low cost and high sensitivity, assays should be quantitative as well as adaptable to point-of-care and/or on-site testing. Several of the unique features of the UPT reporter particles have great potential in this respect. In particular, the demand for extended product stability (longer shelf life) supports UPT reporters as a superior choice because they do not bleach or fade. They can be stored indefinitely without a decrease in light emitting efficiency and thus allow repetitive re-analysis. For the deployment of assays for on-site and point-of-care testing the combination with the well-acknowledged lateral flow (LF) platform has excellent potential. The processes underlying a LF assay utilising UPT reporters have been recently described by mathematical models [17, 18] . These models have been helpful in anticipating potential physical barriers when maximising the assay sensitivity. A self-contained microfluidic device based on these assays and models is being developed for on-site and point-of-care UPT applications. The device will be capable of processing various bodily fluids automatically and will only require human assistance for the introduction of the patient's sample fluid into the device. The simultaneous and potentially quantitative detection of various analytes as nucleic acids, antigens and antibodies is envisaged. Utilisation of microfluidics will allow multiplexed detection of pathogen as well as host immune response in a single test.
UPT reporter particles

Up-conversion and rare earth elements
The most efficient up-converting phosphors are yttriumbased inorganic crystals, such as yttrium fluoride (YF 3 , the emitter) are co-doped [8] . The multi photon excitation process of IR up-conversion in these inorganic crystals has been described by several mechanisms [19] [20] [21] 
Preparation of up-converting phosphor particles
The preparation of high quality up-converting phosphor reporters requires precise control of particle size, morphology, and uniform dissemination of small amounts of rare earth ions (doping). The techniques required to produce Y 2 O 2 S UPT particles have been well characterised and optimised and the resulting particles emit sharp and intense luminescent peaks [13, 19, 22, 23] . In order to synthesise the Y 2 O 2 S phosphors, yttrium hydroxycarbonate particles doped with trivalent rare earth ions were first prepared using the homogenous precipitation method [24] [25] [26] . In this process, yttrium and rare earth oxides were dissolved in 
allows production of uniform nanometre-sized spherical particles. The desired dopant level follows the concentration of rare earth ions with respect to the concentration of yttrium ions prior to precipitation. Fluidised bed processes convert hydroxycarbonate to oxide, and then oxysulphide [22] . These solid-state reactions are summarised in (2) and (3). The fluidised bed technique was used also to fire the particles after synthesis in
order to enhance their luminescence properties while retaining particle morphology. This procedure greatly reduces the particle agglomeration that normally occurs in the oxysulphide step and thus improves the yield of monodispersed particles. Using homogenous precipitation, fluidised bed decomposition and sulphurisation techniques, we have successfully produced different sizes (50-1000 nm) of oxysulphide up-converting phosphors. The biological applications presented in this review were performed with 400 nm UPT particles. The utilisation of up-converting phosphor reporters in biological applications requires particles that are chemically inert and mono-dispersible with surface functional groups amenable to bioconjugations. To convert Y 2 O 2 S particles into biocompatible up-converting phosphor reporters, the particles are encapsulated with a uniform layer of amorphous silica using a sol-gel approach based on the hydrolysis of tetraethyl orthosilicate [23, 27] 
The silica coating on the oxysulphide particles does not affect the luminescent properties of the reporters [23] . Moreover, the silica layer provides several advantages for bioassay development. First, the silica coating increases the chemical stability and passivates the surface of the yttrium oxysulphide. Second, the silica coating increases the negative charge on the particle surface. These materials normally agglomerate in solution because the zeta potential of uncoated Y 2 O 2 S particles is between 0 to À15 mV (pH 6-8) in aqueous media [28] . The silica coating increases the surface potential of Y 2 O 2 S particles and enhances the dispersibility of phosphor reporters in assay buffers as well as reducing non-specific binding. Third, the silica surface is well characterised and modification with different biologically active functional groups can be conveniently accomplished [29] .
UPT bioassays
Applications of UPT reporters in immunohistochemistry
A significant advantage of UPT is the unmatched contrast obtained with biological specimens due to the absence of background autofluorescence upon excitation with IR light. UPT was used to detect prostate-specific antigen (PSA) in paraffin-embedded sections of human prostate tissue using standard histological and immunochemical techniques [12] . Figure 4 demonstrates the detection of PSA in human prostate tissue with a primary antibody against PSA and a biotinylated secondary antibody that can bind the neutravidin blue phosphors. Figure 4a shows a schematic representation of the sandwich labelling. Figure 4b shows the labelled tissue section after doubleexposure to both blue light and UPT activating IR light; the (non-specific) green autofluorescence signal clearly overlaps with the specific blue phosphor signal. In contrast the PSA-specific signal is distinctively visible (Fig. 4c) after IR exposure only. Autofluorescence can be a significant problem when the labelling efficiency is low and or the number of targets is minimal. It is a consequence of the higher energy blue or ultraviolet light required for excitation of commonly-used fluorescent dyes and the fact that many biological materials also fluoresce [30] . Moreover, fluorophores suffer from photodecomposition (bleaching) upon excitation, thereby limiting the number of photons emitted. By contrast, UPT reporters do not bleach and can be repeatedly examined at high excitation energy levels without deterioration and UPT labelled tissue sections can be conveniently stored as a permanent record.
Applications of UPT reporters in phosphor immuno assays
A multiplex assay utilising green and blue phosphorescent UPT particles was developed to detect specific antibodies in a phosphor immuno assay (PIA). These two phosphors ( (blue), were applied to identify IgM and IgG against cytomegalovirus (CMV) in serum. The principle of the multiplexed assay is illustrated in Fig. 5a . The 'blue' UPT conjugate contains antibodies against IgG and the 'green' UPT conjugate contains antibodies against IgM. A dilution series of the CMV-positive serum sample was tested and found to give a positive signal for IgG as well as IgM. Positive signals were obtained with up to a 10 000-fold dilution (Fig. 5b ). This type of assay allows the monitoring of immune responsive infections by determination of the ratio of IgMto-IgG signals. IgM antibodies are early responders to an infective agent and large amounts of IgG antibodies indicate a secondary immune response. Since UPT allows quantisation, the PIAs may be used as a non-isotopic alternative to a radioimmunoassay.
Applications of UPT reporters in molecular diagnostics
Detection of amplified nucleic acid targets:
Molecular biological strategies, in particular enzymatic nucleic acid amplification methods [31] , have greatly increased the sensitivity and speed of several diagnostic assays. However, these amplification methods have limitations, ranging from amplification artifacts that can result in false positives, as well as the need for complex equipment and expensive enzymes. The most commonly utilised amplification technique is the polymerase chain reaction (PCR). Theoretically, one target molecule can be amplified by PCR up to 10 9 times. However, procedures requiring such extreme high amplification rates (number of cycles) are often plagued by the production of PCR artifacts. In combination with a sensitive reporter such as UPT, the demand on the amplification process is reduced.
The feasibility of applying UPT reporters to detect amplified nucleic acids (amplicons) was tested on a PCRamplified DNA product of the pathogen Vibrio cholerae. A convenient rapid immunochromatography (LF) assay, previously described for the antibody-based detection of the pathogenic bacterium E. coli O157:H7 and drugs of abuse [10] , was adapted and used to compare the sensitivity of UPT detection with similar immuno-gold and fluorescent Cy5 detection-systems. In-vitro produced amplicons (546 bp) were end-labelled during PCR amplification with biotin and digoxigenin tags [11] . The amplicons were generated from the genomic region that encodes the ctx genes [32] present in the bacterial pathogen Vibrio cholerae. The amplified material was analysed on EtBr-stained agarose gels allowing detection of B10 ng (Fig. 6) . A level of 0.1 pg (0.3 amol) was detectable when using UPT, a result which is orders of magnitude more sensitive than immunogold and fluorescent Cy5 detection. This level of sensitivity implies that it is possible to detect less than 200 000 amplicons per UPT-LF assay. Therefore, when applying PCR amplification together with UPT-LF detection, one target can generate a positive signal after completion of only 20 PCR amplification cycles.
The UPT-LF detection format was also applied to detect the presence of human papilloma virus type 16 (HPV-16) in DNA samples from a selection of cervix carcinoma [11] . In this particular test PCR amplicons were provided with dig and bio hapten using sandwich hybridisation. Results indicated that attomole DNA quantities (of any specific gene sequence in microgram, nanogram and picogram quantities of genomic DNA of respectively, human, bacterial or viral genomes) are detectable with an amplification-free nucleic acid hybridisation-based UPT-LF assay. In addition to the low cost, the major advantage of such amplification-free detection systems is the lower incidence of false positive test results.
Detection of non-amplified nucleic acid targets:
Amplification-free methods require a higher input of target molecules, but this may nevertheless be preferred when the amount of sample is not limited. The potential of amplification-free sandwich-hybridisationbased UPT-LF assays was determined with a test developed to identify the bacterial pathogen Streptococcus pneumoniae [33] . The result confirmed that it is possible to identify bacterial genomes (based on the presence of a specific single-copy gene sequence) from as little as 1 ng of genomic DNA, which is in the low atto mole range and equivalent to DNA extracted from 10 5 -10 6 bacterial cells. Along this line is the development of a rapid isothermal hybridisation- based LF-UPT assay to detect highly abundant RNA molecules [34] . Although the sensitivity limit is B100 amol of a single-stranded nucleic acid, the assay remains very attractive because the entire detection including hybridisation can be performed at ambient temperature. Moreover, highly abundant RNA may be present in 100 000 copies or more per cell. The S. pneumoniae assay [33] was further used to investigate the feasibility of a magnetic-bead-based platform. For this purpose, a dilution series of fragmentised genomic DNA from S. pneumoniae was hybridised (1 h) with a lytA probe set as described earlier [33] . The hybridisation results were analysed using the lateral flow platform (UPT-LF) and the magnetic bead platform (UPT-MB). UPT-LF detection was performed with 100 ng UPT conjugate per assay as described earlier (Fig. 7a, [33] ). For UPT-MB detection after binding of the hybrids to 100 ng UPT-conjugate, 1 mg magnetic beads (2.8 mm streptavidin beads, Dynal Inc.) was added to the reaction mixture. Incubation was continued for 30 min (371C at 1500 rpm). Unbound UPT particles were then removed with three wash steps and the resulting material was concentrated by filtration on a membrane using a dot-blot apparatus and after drying analysed in the modified Packard reader. The scans of typical experiments shown in Fig. 7b demonstrate that when using the magnetic bead format, the background signal approaches zero. One nanogram of genomic DNA generates a clear positive signal with the magnetic bead format, whereas the same test using LF only generates a minimal signal. Although a 1 ng level of sensitivity with UPT-LF was reported [33] , that assay required a prolonged hybridisation time of 4 to 16 h.
The replacement of the LF system with a magnetic bead system provides two potential advantages: (i) the possibility to introduce wash steps to reduce background noise and therefore improve sensitivity; and (ii) the magnetic bead platform is easy adapted for high-throughput applications. Additional studies on applications utilising the highthroughput magnetic bead platform are in progress. Initial experiments indicate that improved sensitivity is feasible when the number of UPT particles in the assay is reduced; however, this also decreases the number of target-specific antibodies and consequently requires extended incubation. -conjugate (Jackson ImmunoResearch Laboratories, Inc.) or 100 ng of MaDIG UPT -conjugate, respectively. Cy5 and UPT conjugates were incubated with the target DNA at 371C for 30 min (1000 rpm) prior to the flow. Note that the Cy5 is not a commonly utilised label in immunochromatography assays, making it difficult to compare sensitivity levels. Cy5 strips were scanned with a GMS 418 array scanner (Genetic MicroSystems Inc.). UPT strips were scanned with the modified Packard FluoroCount reader
Binary typing using one-dimensional microarrays:
Although the technology has not yet been fully exploited, the potential of the UPT reporter sensitivity in traditional molecular biology detection technology has been demonstrated. For instance, UPT reporters have shown improved sensitivity in nucleic acid microarray applications [9] . The example presented below shows the potential of a modified LF system for rapid detection of multiple hybridised targets. The modification incorporates a transverse flow geometry that allows the use of a one-dimensional array of capture zones consisting of a large (Z20) selection of probes. This approach employs hapten tagging of the whole pool of nucleic acid material present in a sample followed by a hybridisation-based selection of specific targets within that pool. Hybridisation events are visualised with a generic UPT-conjugate with antibodies directed against the hapten used to tag the nucleic acid pool. Detection of the presence of a specific nucleic acid target is linked to the UPT-signal obtained at a defined position on the membrane as specific probes are immobilised in a one-dimensional array on the membrane (Fig. 8a) .
Three DNA probes used for the binary genotyping of Staphylococcus aureus strains were tested through reversed hybridisation with digoxigenin-tagged genomic DNA of a compatible S. aureus [35, 36] . After hybridisation, membranes were assembled into a trans-dot format and a buffer containing 1 mg of an MaDig UPT conjugate was applied to the sample application pad (Fig. 8b) . After a brief chromatography, the sample pad and absorbent pad were removed, the strips air dried and scanned. The resulting profiles (Fig. 8c ) demonstrate detectable signals with all three probes at the 5 ng level. The scans shown in Fig. 8c were obtained from membranes hybridised with 200 ng/ml target, digoxigenin-tagged S. aureus DNA. Additional experiments indicated that a four-fold reduction of the concentration of DNA to 50 ng was possible. Compared to earlier results obtained with the binary genotyping of S. aureus 1 the level of sensitivity obtained with this rapid UPT chromatography detection format is one-order of magnitude better than chromogenic to detection and equal to the detection obtained with chemiluminescent substrates. This UPT application has not gone through extensive optimisation. In addition to binary typing of a particular organism, this format can also be employed to develop a single-test strip for the detection of multiple pathogenic microorganisms and can be readily adapted for the detection of other biological molecules. Step 1: Mylar-backed nitrocellulose sheets (4 Â 2 cm) were provided with a positive control (50 ng of a conserved S. aureus gene fragment), a dilution series of one of the three tested probes (20, 10, 5 and 2 ng, respectively), and a negative control (50 ng of genomic plant DNA). DNA was fixed to the membrane using heat fixation (2 h incubation at 801C).
Step 2: Digoxigenin-ULS-tagged (200 ng/ml) S. aureus target DNA was hybridised to the dot-blots.
Step 3: Hybridised membranes were assembled into trans-dot format.
Step 4: MaDIG UPT -conjugate (1 mg in 0.5 ml running buffer) was applied to the sample application pad and after chromatography scanned in the modified Packard reader. c Results of membranes containing dilutions of three different probes hybridised with 200 ng/ml digoxigenin-ULS labelled S. aureus target DNA
Equipment for UPT analysis
Microscope
UPT emissions on tissue, cells, or nucleic acid microarrays on glass slides is readily monitored using a Leica DM epifluorescence microscope with a xenon lamp adapted to use IR light excitation and detect the emitted light (Fig. 9a , [9, 12] ). The microscope modifications included the placement of three filters: (i) an excitation filter with a 900 to 1000 nm band pass; (ii) an 800 or 725 nm short-pass dichroic mirror; and (iii) a 750 nm short-pass emission barrier or narrow 515 to 585 nm band-pass emission filter, and removal of the 'hot-mirror' and 'red-blocking' filters from the epi-illumination light path.
Benchtop scanner
For the detection of UPT signals in microtiter plate wells, a 96-well Packard FluoroCount fluorescence microtiter plate reader was modified (Fig. 9b, [10, 13] ). The instrument was equipped with an external 980 nm IR laser (1.2 W, SpectraPhysics/Opt-Power Corp.). IR light is guided using a fibre bundle through an 850 nm long pass filter and focusing lens. The same fibre bundle is used to pick-up light emitted by IR-excited UPT particles. The emission signal is guided through a specific band-pass filter appropriate for the emission wavelength of the used UPT particle. The signal is processed by a photomultiplier and is reported as relative fluorescence units.
To facilitate accurate scanning of lateral flow and transdot strips (as well as the whole surface of microtiter plate wells), the reader was equiped with microstepper motors for accurate control of x-and y-axis movement that allow scanning of a 7-by 11 cm area with a resolution of approximately 0.09 mm [10] . Several plastic guides were fabricated and the software customised to allow scanning and recording data from different nitrocellulose strip formats.
Portable scanner (UPlinkt)
For on-site scanning of LF strips, a portable reader (the UPlink reader, Fig. 9c ) was developed. Proprietary plastic disposable cassettes containing the LF strip are inserted in to a light-tight slot in front of the UPlink reader and analysed using IR excitation. The cassettes are designed to be self-contained devices and a single cassette is dedicated to a specific assay containing the LF strip, UPT particles and bio-molecules for capture. Only the (oral fluid) clinical sample is applied to the cassette prior to its insertion in the UPlink reader.
Conclusions and Future Perspectives
The development of UPT reporters has added a powerful tool to modern detection technologies. Carefully constructed up-converting phosphor reporters have core-shell structures coated with surface functional groups suitable for standard bioconjugations. These reporters are chemically stable, possess the unique properties of IR up-conversion, and are readily detected. Compared with conventional fluorescent methods, UPT particles offer significant advantages including; (i) lack of complicating background autofluorescence; (ii) no photobleaching; (iii) larger antiStokes shifts; (iv) suitable for multiplexing; and (v) a high sensitivity.
Various bioassays have been developed that demonstrate the use of UPT reporters. The initial focus has been mainly on the development of assays suitable for on-site and pointof-care testing. Immunochromatography assays utilising UPT have been adapted for molecular diagnostic assays. The demonstrated detection sensitivity of 10 À18 mol of hapten-tagged target molecules makes it possible to detect nucleic acid targets without amplification in a relatively rapid assay format. Experimental data showed that amplification-free assays are feasible with as little as 1 mg human DNA, 1 ng bacterial DNA and 1 pg viral DNA. Extrapolating these results to assays detecting abundant RNAs, only 100 cells would be needed for identification of a specific microorganism.
Further optimisation of the phosphor synthesis and surface chemistry is in progress. The presented experimental work has been performed with 400 nm silica-coated UPT particles. Research on the fabrication of phosphors is resulting in smaller particles. The smaller size effectively decreases the number of capture molecules per particle, which results in better target-to-reporter ratios and improved assay kinetics. The binding of a UPT particle to the solid-state target zone is a multivalent event requiring more than one capture molecule, and reduction of the particle size is predicted to enhance sensitivity. In this respect particle-density (mass) and the capture-molecule load are also important parameters. Besides improvement of the target-to-reporter ratio, alternative surface chemistries are being evaluated to reduce non-specific binding to UPT particles. UPT has tremendous potential not only for the field of rapid diagnostics but also as a reporter in immunohistological, genomic and proteomic experimental applications. Clinical studies testing the performance of the rapid UPT-LF assay format (and subsequently the UPT-molecule bead assay) at independent sites are in progress. This clinical trial will allow comparison of the UPT reporter with other established reporter technologies. We are developing a novel, oral-based microfluidic system, designed for use in the diagnosis of multiple infectious diseases. Key to this project is the adaptation of our flexible core technology (UPT) to allow simultaneous analysis of viral and/or bacterial antigens and nucleic acids, as well as antibodies to these pathogens. The platform will be applicable for the detection of infectious agents including those associated with bioterrorism.
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